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Alternative splicing of fibroblast growth factor receptor 2 (FGF-R2) transcripts involves the mutually
exclusive usage of exons IIIb and IIlc to produce two different receptor isoforms. Appropriate splicing of exon
IIIb in rat prostate cancer DT3 cells requires a previously described cis element (ISAR, for “intronic splicing
activator and repressor”) which represses the splicing of exon Illc and activates the splicing of exon IIIb. This
element is nonfunctional in rat prostate AT3 cells, which repress exon IIIb inclusion and splice to exon IIlc.
We have now identified an intronic element upstream of exon IIIb that causes repression of exon IIIb splicing.
Deletion of this element abrogates the requirement for ISAR in order for exon IIIb to be spliced in DT3 cells
and causes inappropriate inclusion of exon IIIb in AT3 cells. This element consists of two intronic splicing
silencer (ISS) sequences, ISS1 and ISS2. The ISS1 sequence is pyrimidine rich, and in vitro cross-linking
studies demonstrate binding of polypyrimidine tract binding protein (PTB) to this element. Competition
studies demonstrate that mutations within ISS1 that abolish PTB binding in vitro alleviate splicing repression
in vivo. Cotransfection of a PTB-1 expression vector with a minigene containing exon IIIb and the intronic
splicing silencer element demonstrate PTB-mediated repression of exon IIIb splicing. Furthermore, all de-
scribed PTB isoforms were equally capable of mediating this effect. Our results support a model of splicing
regulation in which exon Illc splicing does not represent a default splicing pathway but rather one in which
active repression of exon IIIb splicing occurs in both cells and in which DT3 cells are able to overcome this

repression in order to splice exon IIIb.

Alternative splicing represents a commonly used pathway
through which different gene products can be produced from a
single gene. In many cases of alternative splicing, the splicing
pattern is tightly regulated such that distinct cell types differ-
entially splice a given pre-mRNA to produce different protein
isoforms. cis-acting elements which, when located in an exon,
can act either to activate or repress splicing have been identi-
fied and characterized (13, 19, 33, 36, 51, 55, 56, 60-62, 66). In
addition, intron sequences which either activate or block splic-
ing of adjacent exons have been described (reference 6 and
references therein; 9, 11, 45, 53). In more than one case, it has
been demonstrated that both positive and negative regulatory
cis elements are present within a single alternatively spliced
transcript (6, 8, 11, 45). Pre-mRNA splicing is known to take
place in the spliceosome, a large multicomponent enzymatic
machine which consists of the Ul, U2, U4/6, and U5 small
nuclear RNAs (snRNAs) along with associated small nuclear
ribonucleoproteins (snRNPs) and non-snRNP proteins (3, 59).
The mechanisms which operate to direct this spliceosomal
apparatus to yield alternatively spliced RNAs have been poorly
defined in mammalian systems to date (59). Well-described
examples of cell-specific factors in Drosophila which can act
positively or negatively to alter the splicing of specific exons
have been proposed to be models for alternative splicing in
mammals (reviewed in reference 40). Nonetheless, such purely
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cell-specific factors have not been identified in mammals, and
ongoing debate centers around the question whether analo-
gous cell-specific alternative splicing factors will be found to
modulate the processing of mammalian gene transcripts. It has
been proposed that mammals have adapted mechanisms which
rely on relative differences in the levels of multiple factors,
which regulate pre-mRNA splicing in a combinatorial manner
(28, 45).

A number of nonspliceosomal proteins that are not tissue
restricted are capable of altering the splicing of a number of
different pre-mRNA substrates. Several SR protein family
members bind exonic enhancer sequences to increase the in-
clusion of the corresponding exon (33, 35, 36, 51, 54, 55). In
addition, SR proteins have differential effects on splice site
selection. ASF/SF2, for example, promotes the use of a prox-
imal 5’ splice site upstream of a defined 3’ splice site, an effect
which can be counteracted by heterogeneous nuclear RNP Al
(hnRNPA1) (4, 17, 20, 39). Two other hnRNPs, hnRNP F and
hnRNP H, are components of a complex that forms on a
neural cell-specific intronic enhancer element, resulting in the
increased splicing of the N1 exon of c-src (11, 43). KH-type
splicing regulatory protein (KSRP) is a component of this
complex, although its expression, like that of hnRNP F and
hnRNP H, is not neural cell specific (44). In contrast to its role
in activating the splicing of the N1 exon, hnRNP H binds to an
exonic splicing silencer in B-tropomyosin and has been pro-
posed to cause the exclusion of exon 7 in nonmuscle cells (9).

Polypyrimidine tract binding protein (PTB) was originally
purified based on its ability to bind to an adenovirus polypyri-
midine tract and was subsequently also described as hnRNP-I
(2, 18, 21, 22, 47). A role for PTB in alternative splicing was
first proposed by Mulligan et al. studying the alternative splic-
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ing of B-tropomyosin transcripts (46). They demonstrated that
mutations within cis elements upstream of the skeletal muscle-
specific exon 7 of the B-tropomyosin pre-mRNA resulted in its
inclusion in Hela cells in vivo, and these mutations were
demonstrated to disrupt the binding of PTB in vitro. The
propensity of PTB to bind to stretches of pyrimidines has led to
the hypothesis that it may compete with the splicing factor
U2AF® for the polypyrimidine tract upstream of a regulated
exon, thus causing skipping of that exon by blocking the rec-
ognition of the branch point from the splicing machinery (52).
This would appear to be the case in certain regulated pre-
mRNAs such as B-tropomyosin and y-aminobutyric acid type
A (GABA,) 2 receptor (1, 27, 46, 65). It has been demon-
strated, however, for a-tropomyosin and recently for c-src, that
PTB binding sites also reside outside of the branch point-
associated polypyrimidine tract (bp/py) (8, 12, 24, 25, 48). In
both of these cases, PTB binding sites are located on both sides
of the regulated exon, giving rise to a potentially more complex
mechanism of exon repression. This has been elegantly dem-
onstrated in the repression of the N1 exon in nonneural cell
types, where PTB binding to an upstream conserved CUCU
motif is dependent on its ability to bind to a downstream
CUCU located within an intronic enhancer element termed
the downstream control sequence (12).

PTB, like many other factors implicated in alternative splic-
ing, is not expressed in a strictly tissue-specific fashion. We
have previously identified a switch in the ratio of the major
PTB isoforms in DT3 and AT3 cell lines but have not found
any functional difference between the isoforms (57). In cases of
neural cell-specific splicing, the overall level of expression of
PTB is lower than in nonneural cell types (1, 8, 65). This could
potentially allow for a shift to splicing inclusion by counterac-
tive enhancing factors; however, recently it has been shown
that a different form of PTB enriched in the neural tissues,
termed brain PTB, can inhibit the ability of Nova-1, a neural
cell-specific alternative splicing factor, to increase the inclusion
of GlyRa2 exon E3A (50). Furthermore, it has been suggested
that the CUG binding protein may counteract PTB in neural
cells (65). In vitro studies on the silencer element upstream of
exon 7 of the B-tropomyosin pre-mRNA suggest that the in-
teraction of PTB with other cellular cofactors may be RNA
dependent (26). It is thus possible that the levels of proteins
that interact with PTB may be expressed only in certain tissues.

Alternative splicing of rat fibroblast growth factor receptor 2
(FGF-R2) transcripts, in which a mutually exclusive splicing
choice produces two forms of the C-terminal half of the third
extracellular immunoglobulin-like domain, results in two dif-
ferent receptors with distinct ligand binding profiles (Fig. 1A)
(7, 30-32, 41). The mutually exclusive exons, IIIb and IlIc, are
148 and 145 nucleotides, respectively, and the choice of either
exon is highly specific for a given cell type. We have utilized
cell lines derived from the rat Dunning prostate cancer model
to study the splicing of FGF-R2 transcripts (6). The isoform of
FGF-R2 that results when exon IIIb is used, FGF-R2 (I1Ib), is
the exclusive gene product observed in normal prostatic epi-
thelia and in a well-differentiated, androgen-dependent DT3
(or DT-E) prostate tumor or cell line. A poorly differentiated
and androgen-independent AT3 tumor exhibits a change in
alternative splicing that results in loss of FGF-R2 (I1Ib) and in
expression of FGF-R2 (Illc). The markedly different growth
factor specificities of the resulting receptors alter signal trans-
duction pathways, which have been proposed to be involved in
the progression of prostate cancer (5, 16, 37, 63, 64).

Studies of rat and human FGF-R2 splicing have revealed the
presence of several cis elements, which can alter the splicing of
mutually exclusive alternative exons IIIb and IIlc. We have
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previously characterized ISAR (for “intronic splicing activator
and repressor”), a cis element located in the intron between
exons IIIb and IIIc of the rat gene. This element dramatically
increases the splicing efficiency of the upstream IIIb exon in
DT3 cells and represses the splicing of the downstream Illc
exon (6) (Fig. 1B). ISAR was not shown to have an effect on
the relative inclusion of either exon in AT3 cells (Fig. 1B). A
highly homologous sequence from human FGF-R2, IAS-3, was
likewise shown to increase exon I1Ib splicing, together with two
other intronic elements, IAS-1 and IAS-2 (13, 23). A putative
secondary structure involving interactions between IAS-2 and
IAS-3 has been proposed to be involved in mediating the
effects of these cis elements (13). However, no specific proteins
that bind to these elements have been identified which appear
to mediate effects on alternative splicing of these exons. An
exonic splicing silencer element has also been identified in
exon IIIb, and it has been suggested that hnRNP Al may play
a role in mediating the repression of exon IIIb splicing (14).

In the present study, we characterize an element that causes
profound repression of FGF-R2 exon IIIb inclusion. Deletion
or substitution of an intronic region upstream of exon IIIb
results in nearly complete inclusion of exon IIIb in both DT3
and AT3 cells. In AT3 cells, deletion of this element results in
a spliced RNA that contains both exons I1Ib and IIlc. In DT3
cells, deletion of this element allows efficient inclusion of exon
IIIb even in the absence of ISAR. Further analysis of this
silencer demonstrates two separate regions, ISS1 and ISS2,
that together exert most of the repressive effects on IIIb splic-
ing. One of these subelements, ISS1, contains a pyrimidine-
rich sequence that binds to PTB; deletion, replacement, or
mutations of ISS1 cause the loss of PTB binding. The same
sequence disruptions cause the loss of splicing repression in
vivo. In addition, we have used cotransfection of an FGF-R2
minigene, which contains this silencer element, together with a
PTB expression vector to demonstrate increasing repression of
exon IIIb with progressive increases in PTB protein expression.
In addition, this PTB-mediated repression was observed with
all described PTB splice variants. This study suggests that
FGF-R2 exon IIIb may be constitutively repressed by PTB in
both AT3 and DT3 cells but that this repression is overcome in
DT3 cells by factors that interact with ISAR and possibly other
cis elements.

MATERIALS AND METHODS

Plasmid construction. The plasmid DNA constructs used in this study were all
made using standard cloning techniques such as those described previously (6).
The pI-11 and pI-11-FS splicing constructs were obtained as described previously
(6). Plasmids pI-11-FS:+ISS+ISAR and pI-11-FS: +ISS—ISAR were previously
described as pI-11-FS ABcll/Ndel and pI-11-FS ABclI/Nsil, respectively (6).
Plasmids pI-11-IITb:+ISS+ISAR and pI-11-IITb: +ISS—ISAR were heretofore
referred to as pI-11-1ITb-plus and pI-11-I1Ib-minus, respectively (6). Plasmids
pI-11-IIIb: —ISS+ISAR and pI-11-IITb: —ISS—ISAR were obtained by PCR am-
plification with primers Int3BFS and Int2R2 from templates pI-11-FS:
+ISS+ISAR and pI-11-FS:+ISS—ISAR, respectively. The sequence of Int 3BFS
is 5'-ccggactagttccttectggttggecgtta-3’, and primer Int2R2 was described in a past
publication (6). These PCR products were digested with Spel and X#hol and
cloned into the Xbal and Xhol sites in the intron of pI-11. Plasmids pI-11-FS:
—ISS+ISAR and pI-11-FS:—ISS—ISAR were obtained in a similar manner
except that the PCR primers used were Int3BFS and Int3CR (the latter primer
also as previously described). Plasmids pI-11-IIIb(—~ISAR):A1, pI-11-
IIIb(—ISAR):A2, pI-11-ITIb(—ISAR):A3, and pI-11-IIIb(—ISAR):A4 were
obtained following amplification with forward primers 3BF-One, 3BF-Two, 3BF-
Three, and 3BF-Four and reverse primer Int 2R2 using template pI-11-FS:
+ISS—ISAR. These products were also digested with Spel and Xhol and cloned
into the Xbal and Xhol sites of pI-11. The sequences of these forward primers
are as follows: 3BF-One, 5'-ccggactagtctcattgtgatctccteect-3'; 3BF-Two, 5'-ccgg
actagtcagctctttaggtgcaattca-3'; 3BF-Three, 5'-ccggactagtgattgttttcttgtggtgte-3';
and 3BF-Four, 5'-ccggactagttggtgggaccataggcagea-3'. Full-length PTB1 isoform
c¢DNA was subcloned from pGEX2TK-PTBI1 into the mammalian expression
vector pcDNA3-HisA (Invitrogen) utilizing the EcoRI restriction sites. The vec-
tor pcDNA3-HisC-LacZ was provided as a control by Invitrogen. Plasmids pDP-
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FIG. 1. Schematic representation of the alternative splice variants of FGF-R2. (A) Diagram showing the relative positions of exons ITIb and IIlc in the context of
a protein domain map of FGF-R2. Abbreviations denote the immunoglobulin-like domains (Ig 1 to Ig 3), transmembrane domain (TM), and both intracellular tyrosine
kinase domains (TK). (B) The AT3 and DT3 cells splice to the mutually exclusive exons IIIc and IIIb, respectively. In DT3 cells, the previously described cis element,
ISAR, functions both to activate ITIb inclusion and to repress Illc inclusion. In AT3 cells, there has been no detected function for ISAR, and so IIlc is included

regardless of the presence of ISAR.

RC-AEX-ISS1, pDP-RC-AEX-ISS1mt, and pDP-RC-AEX-Globin were used for
the synthesis of hot probes ISS1, ISSImt, and Globin, respectively. These con-
structs were created by cloning annealed oligonucleotides F-WT and R-WT (for
ISS1), F-MT and R-MT (for ISS1mt), and F-BG and R-BG (for Globin) into the
EcoRI and Spel sites of pDP-RC-AEX. pDP-RC-AEX was created using pDP19
(Ambion) but replacing the entire polylinker between the EcoRI and HindIIl
sites of this vector with the sequence 5'-tagaactagtgcggccgcatatcatcgatgctegag-3'.
Oligonucleotide sequences were as follows: F-WT, 5'-aattctcattgtgatctce tcecteeca
cagctctttaggtgtaa-3'; R-WT, 5'-ctagttacacctaaagaget gtgggagggaggagatcacaatgag-
3'; F-MT, 5’-aattctcattgtgatggagaaa ggaccacagcetctttaggtgtaa-3'; R-MT, 5'-ctagtt
acacctaaagag ctgtggtectttctccatcacaatgaG-3'; F-BG, 5'-aattggagaccaatagaaa ctgg
geatgtggagacataggtgtaa-3'; R-BG: 5'-ctagttacacctatgtctce acatgeccagtttctattggtct
cc-3'.

PCR amplification and RT-PCR assay of transfected minigenes. PCR from
DNA templates for plasmid construction was done using standard reaction
conditions as described previously (6). RNA for reverse transcription-PCR (RT-
PCR) assays was isolated using the method of Chomczynski and Sacchi (10).
RT-PCR using T7 and SP6 primers to analyze pooled stable transfections was
performed as described previously (6). When RT-PCR was used to assay results
from transient cotransfections, the RNAs were first treated with RQ1 DNase
(Promega), as specified by the manufacturer, to eliminate background from
residual plasmid DNA templates. Also, in this case, T7 was used with primer
PIP11R, which corresponds to the sequence at the 3’ end of the second exon of
pI-11: 5'-ccggactagtaagcttaggctettggegtt-3'. In all amplification reactions, a water
control and a mock RT control were included, which resulted in no PCR product

in all experiments. PCR products were either loaded directly onto 5% nonde-
naturing polyacrylamide gels or, when necessary, added to restriction endonu-
clease digestions with either Aval or Hincll (New England Biolabs). We always
observed complete digestion when using this method. Aliquots representing
equal amounts of each PCR mixture with undigested and digested PCR products
were loaded onto 5% polyacrylamide gels. The gels were electrophoresed at 100
V for 3 to 4 h, dried, and exposed to Amersham Hyperfilm-MP or Molecular
Dynamics phosphorimager screens. Analysis was performed with a Molecular
Dynamics PhosphorImager. Quantifications were performed as follows. For DT3
and ATS3 cells (see Fig. 2B and C), we quantified the percentages of the spliced
products that contained both exons IIIb and IIlc (U-IIIb-IIIc-D), those that
contained either exon IIIb or exon IIIc (U-IIIb/IIIc-D), and those that skipped
exons IITb and IIlc and spliced the adenovirus exons together (U-D) by adding
the values for the bands representing these products from the undigested RT-
PCR lanes (corrected for molar equivalents) and representing each as a per-
centage of the total (where U and D are the 5’ and 3’ exons, respectively, of
pI-11). In addition, data were quantified to assess the percentage of the single-
inclusion product that contained IIIb. This was done by using the quantification
of the band at 380 bp, which remained following Hincll digestion (U-IIIb-D), as
the numerator. The denominator consisted of U-I1Ib-D and the 377-bp band that
remained following Aval digestion (U-IIIc-D). Quantification of experiments
using minigenes with only one internal exon (exon IIIb) (see Fig. 3B and C) was
determined as the quantification of the 380-bp band (U-IIIb-D) divided by the
sum of the same band and the exon IIIb-skipped 232-bp band. Quantifications
for Fig. 6C were done by dividing the amount of ITIb inclusion (as calculated for
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Fig. 3) at 500 ng of cotransfected HisG-PTB by the amount of IIIb inclusion
resulting from cotransfection with empty vector. This normalized percentage of
IIIb inclusion was then subtracted from 100 to obtain a normalized percentage of
IIIb skipping. Error bars represent the normalized error of triplicate cotransfec-
tions. Quantifications in Fig. 6D were done by averaging a set of triplicate
transient cotransfections and setting the amount of IIIb inclusion in the vector-
alone lane equal to 100; all other values are normalized to that value. In all cases,
products of different sizes were corrected for molar equivalents.

Cell culture and transfection. Stable transfections in AT3 and DT3 cells were
performed as described previously (6). Transient cotransfections were performed
with 50 ng of pI-11-IIIb:+/—ISS+ISAR as a test construct and the indicated
amounts of expression plasmids for PTB and LacZ. The amount of plasmid DNA
used in each transfection was kept constant by using empty plasmid PCDNA3.1-
HisA to equalize the amount of expression plasmid in each experiment. The test
minigene construct and expression construct were mixed and added to 100 pl of
OptiMEM (Gibco). To this was added 5 pl of Lipofectamine (Gibco) premixed
with 100 pl of OptiMEM. The samples were incubated at room temperature for
15 min, after which an additional 800 pl of OptiMEM was added, and the
transfection mixture was placed over cells in six-well plates. The transfection
mixtures were left on the cells for 2 h, after which the transfection mixture was
replaced with Dulbecco modified Eagle medium with 10% fetal bovine serum. At
24 h from the start of transfections, total RNA was harvested for RT-PCR
analysis.

UV cross-linking, immunoprecipitation, and competition assays. UV cross-
linking and immunoprecipitation were done essentially as previously described,
unless otherwise noted (57). UV cross-linking and competition studies were done
using 20 wg of DT3 nuclear extracts. Direct cross-linking experiments were
performed using hot RNA probes generated with T7 polymerase and plasmids
pDP-RC-AEX-ISS1, pDP-RC-AEX-ISSImt, and pDP-RC-AEX-Globin after
linearization with NotI. For these experiments, binding-reaction mixtures were
supplemented with 0.01 mg of heparin (Sigma) per ml and 0.01 mg of tRNA
(Sigma) per ml as nonspecific competitors, incubated at 30°C for 20 min, and
cross-linked as described below. Cold competitor RNA was in vitro transcribed,
gel purified, and incubated in nuclear extract for 8 min at 30°C under conditions
previously described (57). Transcription of all other probes was done using
templates generated from the PCR by using pI-11-IIIb as a template in all
reactions. The ISS1 PCR template was generated by using the forward and
reverse primers F-5'-ggatcctaatacgactcactatagggagactcattgt gatctecteectee-3" and
R-5"-acctacactgetgtg-3', respectively. The ISS1mut was generated by using the
same reverse primer but a different forward primer: F-5'-ggatcctaatacgactcacta
tagggagactcattgtgatggagaaaggaccacagctctttaggt-3'. It is important to note that
the ISS1 and ISSImt cold competitors contained an additional 2 nucleotides at
the 3’ end of the transcript. In addition, the B-globin sequence used for cold
competition was nearly twice as long as that used in direct cross-linking. The
reason for this minor discrepancy is to have a nonspecific competitor that was the
average size of all the different cold competitors used. Sec RNA was in vitro
transcribed, and 15 fmol (100,000 cpm) was added to each preincubated reaction
mixture and further incubated for 15 min at 30°C. The reaction mixtures were
then put onto ice and UV cross-linked in a Stratagene Stratalinker using two
pulses of 500 mJ each. RNase A was added to a final concentration of 0.1 mg/ml,
and the reaction mixtures were incubated at 37°C for 30 min. An equivalent
volume of 2X sodium dodecyl sulfate (SDS) loading buffer was added to each
reaction mixture, and the products were further analyzed by SDS-polyacrylamide
gel electrophoresis (PAGE) (12.5% polyacrylamide). Gels were run until the
bromophenol blue dye front had reached the bottom of the gel, and then they
were dried and exposed on Hyperfilm-MP. The nuclear extracts from AT3 and
DT3 cells were made by following a previously described modification of the
original protocol used for HeLa nuclear extracts (15, 42). However, because DT3
cells could not be grown in suspension, large-volume DT3 monolayers were
grown in roller bottles, harvested with trypsin, and washed three times with
phosphate-buffered saline (PBS) prior to subsequent preparative steps.

Western blot analysis. All cotransfections done in tissue culture were
performed in duplicate, with one sample used for Western analysis. Trans-
fected cells were harvested and cell lysates were prepared as described pre-
viously (57). Protein lysates were quantified using the Bradford assay, and 25
wg of each lysate was analyzed by SDS-PAGE (12.5% polyacrylamide). For
LacZ transfections, 15 pg of lysate was loaded onto a gradient SDS-PAGE
minigel (Bio-Rad). The protein was electrophoresed at 100 V for 5 h and
transferred overnight onto Immobilon-P polyvinylidene difluoride mem-
branes. The membranes were blocked for 5 h at room temperature with a
blocking buffer (PBS, 5% dry milk, 0.1% Tween 20), probed for 2 h at room
temperature with respective antibodies diluted in blocking buffer (1:2,000
PTB antiserum, 1:5,000 HisG monoclonal antibody, and 1:2,000 anti-CA150
antibodies), washed three times for 10 min in wash buffer (PBS, 0.1% Tween
20), and incubated for 1 h at room temperature with the respective HPer-
conjugated secondary antibodies (Amersham-Pharmacia). The blots were
again washed three times for 10 min with wash buffer, and the signal was
detected using Hyperfilm-MP.
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RESULTS

Deletion of an intronic region upstream of exon IIIb results
in derepression of splicing of this exon in DT3 and AT3 cells.
We used stable transfection of minigenes derived from rat
FGF-R2 genomic sequences to characterize the cis elements
required for regulated splicing in DT3 and AT3 cells as de-
scribed previously (6). Briefly, genomic FGF-R2 sequences
were placed within the intron of an adenovirus-derived splicing
construct, pI-11 (Fig. 2A). Splicing of exons IIIb and/or IIIc
was assayed by RT-PCR using T7 and SP6 primers (Fig. 2A).
Because exon IIIb contains an Aval site not present in exon
IIIc and exon Illc contains two Hincll sites not present in exon
IIIb, we digested the RT-PCR products to identify minigene
transcripts which contain either exon IIIb or Illc. When our
original minigenes containing exons IIIb and IIlc were trans-
fected into DT3 and AT3 cells, we observed a predominant
product that consisted of either exon IIIb or exon IIlc spliced
between the adenovirus upstream (U) exon and downstream
(D) exon, respectively. In subsequent descriptions, this product
will be designated the single-inclusion product. However, we
also observed some products that contained both exon IIIb and
exon I1Ic (designated U-I1Ib-11Ic-D, henceforth designated the
double-inclusion product) as well as some products in which
the adenovirus exons were directly ligated (U-D, henceforth
designated the skipped product). A minigene, pl-11-FS:
+ISS+ISAR, recapitulated the splicing pattern of the endog-
enous gene. When this minigene was transfected into DT3
cells, the single-inclusion product (Fig. 2A) consisted nearly
exclusively of exon I1Ib; transfection into AT3 cells resulted in
the single-inclusion product consisting nearly entirely of exon
Illc (Fig. 2B and C, lanes 1 to 3). However, when ISAR was
deleted, the resulting minigene, pI-11-FS:+ISS—ISAR, dem-
onstrated a dramatic decrease in exon IIIb splicing in DT3
cells: the single-inclusion product now consisted mostly of exon
IIlc, and an increase in the amount of the skipped product was
also noted (Fig. 2B, compare lanes 1 to 3 with lanes 7 to 9
[quantified in the chart and graph]) (6). Thus, the function of
ISAR is dual; it activates the splicing of the upstream IIIb exon
and represses the splicing of the downstream exon Illc. To
adequately quantify the effect of these deletions on splicing in
DT3 cells, we present the data in Fig. 2B in two ways. First,
using bands from the undigested lanes, we quantify the per-
centage of double-inclusion products (U-1IIb-1IIc-D), single-
inclusion products (U-IIIb/IIIc-D), and skipped products
(U-D). We also graphically present the percentage of single-
inclusion products that contain exon IIIb. In AT3 cells, ISAR
had no observable effect; exon IIIb was present in less than
10% of the single-inclusion products and the levels of double-
inclusion products and skipped products did not significantly
change (Fig. 2C, compare lanes 1 to 3 with lanes 7 to 9 [quan-
tified in the chart and graph]).

We created additional minigenes in which we deleted 121
nucleotides from the intron upstream of exon IIIb (Fig. 2A).
As a result, the intron between the adenovirus exon and exon
IIIb was shortened from 206 to 85 nucleotides, still including
40 nucleotides derived from the adenovirus intron. In DT3
cells, deletion of this region from a minigene which still con-
tained ISAR (pI-11-FS:—ISS+ISAR) resulted in an increase
in exon IIIb inclusion in the single-inclusion product from 77 to
91% (Fig. 2B, compare lanes 1 to 3 with lanes 4 to 6 [quantified
in the graph]). Deletion of this region from a minigene without
ISAR (pI-11-FS:—ISS—ISAR) also resulted in an increase in
the single-inclusion IIIb product, from 39 to 75% (Fig. 2B,
compares lanes 7 to 9 with lanes 10 to 12 [quantified in the
graph]). It can also be seen that deleting ISAR in a minigene
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that lacks ISS results in an increase in double-inclusion prod-
ucts from 12.8 to 28.8%, consistent with the ability of ISAR to
repress IIlc splicing. This effect of ISAR appears to be inde-
pendent of the sequences upstream of exon IIIb. In AT3 cells,
the predominant product contains exon Illc and there are very
low levels of exon IIIb-containing product regardless of the
presence of ISAR (Fig. 2C, compare lanes 1 to 3 with lanes 7
to 9 [quantified in the graph]). However, when the intronic
region upstream of exon IIIb was deleted, either with or with-
out ISAR, the levels of double-inclusion products increased to
81.9 and 82.9%, respectively (Fig. 2C, lanes 4 and 10 [quanti-
fied in the chart]). Although the most obvious effect of this
deletion in AT3 cells was a switch toward nearly exclusive
splicing to yield the double-inclusion product, the small
amount of single-inclusion product also showed a fivefold in-
crease in exon IIIb inclusion, as demonstrated graphically (Fig.
2C). Thus, the net effect of this sequence appears to be to
repress, or silence, the splicing of exon IIIb in both DT3 and
AT3 cells while having no apparent effect on IlIlc splicing.
Based on these findings, we refer to this element as an intronic
splicing silencer (ISS).

Deletion or substitution of ISS in minigenes containing only
exon IIIb results in high levels of IIIb inclusion. To simplify
the study of the ISS element, we also studied the effect of
deleting the ISS using FGF-R2 minigenes in which exon IIlc
and flanking intron sequences are not included in the minigene
(Fig. 3A). This minimal construct recapitulates the endoge-
nous splicing pattern in both cell lines. When we transfected a
minigene in which ISAR is present in the intron downstream of
exon IIIb into DT3 cells (pI-11-11Ib:+ISS+ISAR [Fig. 3A]),
exon IIIb was included in 68% of the spliced mRNAs, com-
pared to products in which exon IIIb is skipped and the ade-
novirus exons are spliced (Fig. 3B, lane 1). When a minigene
without ISAR was transfected into DT3 cells (pI-11-IIIb:
+ISS—ISAR [Fig. 3A]), exon IIIb was almost completely
skipped (Fig. 3B, lane 3). However, when the element up-
stream of exon IIIb, ISS, was deleted, exon IIIb was spliced
nearly exclusively whether or not ISAR was present down-
stream (Fig. 3B, lanes 2 and 4). In AT3 cells, in which exon IIIb
is nearly completely skipped regardless of the presence of
ISAR (Fig. 3B, lanes 5 and 7), deletion of this element likewise
dramatically increased exon IIIb inclusion (lanes 6 and 8).

A possible explanation for the results of deleting ISS is that
the resultant shortening of the intron between the upstream
exon and exon IIIb causes a non-sequence-specific effect on
exon IIIb splicing by bringing the exons closer together. To
investigate this possibility, we replaced the ISS sequence with
an unrelated intron sequence derived from a B-globin intron 2
(Fig. 3C). Replacement of the ISS with this sequence resulted
in 78% inclusion of exon IIIb compared to 89% inclusion when
the ISS was deleted. Thus, deletion of the ISS resulted in an
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8.5-fold increase in exon IIIb inclusion and replacement with
the B-globin intronic sequence resulted in a 6.5-fold increase in
exon IIIb inclusion (Fig. 3C [quantified in the graph]). While
the replacement was slightly less effective than the deletion in
increasing exon IIIb inclusion, these results suggest that the
predominant effect of the deletion of ISS is due to the loss of
specific sequence information.

These findings allowed us to refine our view of the require-
ment of ISAR for IIIb inclusion in DT3 cells. We previously
suggested that exon IIlc inclusion represents a “default” splic-
ing choice based on its stronger polypyrimidine tract than that
of exon IIIb and that ISAR is required to overcome this weak
polypyrimidine tract. These studies suggest that ISAR is re-
quired to derepress a non-cell-specific repression, which is
exerted on exon IIIb in addition to the weakness of the neigh-
boring splice sites. While a weaker polypyrimidine tract may
play a role in regulated FGF-R2 splicing, it can be seen that it
does not prevent highly efficient I1Ib splicing when the intronic
silencer element is deleted. In addition, the previous descrip-
tion of an exonic splicing silencer (ESS) within human exon
IIIb suggests that this may also contribute to regulation, but
again, this sequence alone clearly does not prevent efficient
exon IIIb splicing when the upstream ISS element is deleted
(14).

Sequential deletions of the ISS reveal two separate regions,
ISS1 and ISS2, that are necessary for the observed splicing
repression. To further define the critical elements within the
121 nucleotides that encompass the ISS, we created minigenes
with sequential deletions from the 5’ end of the ISS within a
minigene that contained exon IIIb but had ISAR deleted (Fig.
4A). Because ISAR was not present downstream of exon IIIb,
we were able to more easily assess the changes in IIIb silencing
with progressive loss of sequence from this element. The re-
sulting minigenes were transfected into DT3 cells, and the level
of exon IIIb inclusion was determined. Whereas the Al dele-
tion had no appreciable effect on IIIb inclusion, the A2 dele-
tion resulted in a twofold increase of the IIIb-containing prod-
uct (Fig. 4B). Further deletions (including A3 and A4) resulted
in no further significant increase in exon IIIb inclusion. We
concluded that an element, which we named ISS1, has its 5’
border somewhere within the sequence deleted in A2 (Fig. 4).
A second element was uncovered by deletion of the 3’-most
end of ISS, which led to another near-twofold increase in I1Ib
inclusion (Fig. 4B, compare A4 with —ISS). Again we can
assume that this second element, ISS2, has a 5’ border within
this region of ISS. While the ISS2 sequence does not obviously
resemble any previously described splicing silencers, it is con-
served between rat and human FGF-R2 and has numerous
UGG repeats. Analysis of the sequence comprising ISS1 was
notable for the presence of a pyrimidine-rich region with some
resemblance to previously described sequences that bind PTB

FIG. 2. Identification of an ISS upstream of exon IIIb. (A) pI-11 (top) is a previously described adenovirus two-exon splicing construct adapted for eukaryotic
expression. FGF-R2 genomic sequences were cloned into the Xbal and Xhol sites located upstream of the branch point sequence. CMV indicates the cytomegalovirus
promoter, and pA indicates the bovine growth hormone polyadenylation sequence. The locations of the T7, SP6, and PIP11R primers are indicated. The FGF-R2
genomic sequences of pI-11-FS-derived minigenes are indicated at the bottom, together with the locations of the primers and restriction sites used to generate the four
constructs shown, and are described in Results. Solid lines indicate intron sequences, open boxes indicate exons, and light dotted lines indicate intron sequences deleted
during construction of the minigenes. The gray shaded box indicates the location of the ISS element, and the black box indicates ISAR. (B) Deletion of an intronic
silencer element, ISS, increases exon IIIb inclusion in DT3 cells. Results from stable transfections and RT-PCR assays are indicated in the top panel. The uncut lanes
(U) were used to quantify the amount of each type of splicing event and are tabulated in the center panel. The error is the standard deviation of the average of three
separate stable transfections. The bottom panel is a quantification of the percentage of single-inclusion products that include exon IIIb. This is quantified by comparison
of the IIIb-specific Aval digestion (A) with the ITlc-specific Hincll digestion (H). Deletion of ISS dramatically increases exon IIIb splicing. In DT3 cells, when ISS is
located upstream of exon IIIb, efficient exon IIIb splicing requires ISAR. However, deletion of ISS results in an increase in exon IIIb inclusion irrespective of the
presence of ISAR. (C) Deletion of ISS results in predominant splicing of both exon ITIb and exon IIIc in AT3 cells. In AT3 cells, no role for ISAR is seen. When ISS
is present, the predominant product is nearly exclusively splicing to exon Illc, as quantified in the bottom panel, although a significant amount of double-inclusion
products is seen. When ISS is deleted, nearly all the products consist of both exons IIIb and IIlc, reflecting derepression of exon IIIb. Although a minimal amount of
single-inclusion product is still seen, this product now also consists of a fivefold-greater amount of exon IIIb-containing product.
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sequence has the same effect as deletion of ISS.

(1, 48, 52). Since PTB has been implicated in the repression of
splicing to adjacent exons in other mammalian systems, we
sought to explore whether PTB might interact with ISS1 and,
further, whether this interaction might be involved in repres-
sion of exon IIIb splicing.

PTB binds to sequences within ISS1 but not to other se-
quences comprising the silencer element upstream of exon
IIIb. To characterize specific PTB binding sequences within
this region of the FGF-R2 pre-mRNA, we performed succes-
sive deletions within the RNA followed by cross-linking and
immunoprecipitation using anti-PTB antibodies (data not

shown). In particular, we found that PTB efficiently cross-
linked to the ISSI sequence in both DT3 and AT3 nuclear
extracts (diagrammed in Fig. SA and demonstrated in Fig. 5B,
lanes 2 and 6). Immunoprecipitation of the cross-link using
PTB antiserum confirmed its identity (data not shown). When
the pyrimidine stretch was altered to contain a stretch of pu-
rines (ISS1mt), PTB cross-linking was greatly reduced (Fig. 5B,
lanes 3 and 7). A size-matched nonspecific RNA derived from
intron 2 of the human B-globin gene was also seen not to
cross-link to PTB (lanes 4 and 8). All three probes cross-linked
to a similar set of background bands that bound without spec-



VoL. 20, 2000

A

1] b D 1 pI-11-IIb
/ I_,\‘:] (-ISAR):
w— — b | +ISS
ib] Al
{Tib] A2

— (i) 43

-ISS

v
pI-11-IIb %

N A
(ISAR): E‘<‘2‘<’

_'N—————‘

B L e ——

%lllb 19 24 50 49 59 95
Inclusion

FIG. 4. Deletions of ISS sequence from the 5" end uncover the existence of
two silencer elements, ISS1 and ISS2. (A) A minigene that lacked ISAR was used
as the backbone for a series of deletion mutants denoted Al through A4. The
relative positions of the two subelements are denoted as demonstrated in the
lower panel. (B) Transfection of minigenes with progressive shortening of ISS
reveals two regions with most of the splicing silencing effect. The percentage of
IIIb inclusion is represented at the bottom. Sequences deleted in the A2 deletion
mutant as well the sequences between A4 and —ISS displayed the most profound
increase in exon IIIb inclusion.

ificity, unlike PTB, which depends on the presence of the
pyrimidine stretch within ISS1. Although there is a canonical
UCUU just downstream of the pyrimidine stretch, it is not
sufficient for PTB cross-linking. The Sec RNA consists of an
RNA sequence which has previously been shown to efficiently
bind PTB and is used as a positive control for PTB cross-
linking (lanes 1 and 5) (57).

Because direct UV cross-linking of protein to RNA does not
always correlate precisely with binding, we used cross-linking
and competition experiments to address the specificity of PTB
binding to ISS1. We used the Sec RNA probe as the control
PTB binding sequence in all competition experiments because
it gave a cross-linking profile consisting primarily of the PTB
doublet; however, in these experiments, lower heparin concen-
trations were used than in the direct cross-linking experiments,
and thus other cross-linked proteins are more observable. We
used self-competition with an unlabeled Sec RNA to define the
levels of competition, which correlated with specific RNA
binding (Fig. 5C). As a negative control, the nonspecific B-glo-
bin intron 2 RNA was likewise used to compete for binding to
the radioactively labeled Sec probe (Fig. 5C). Thus, as ex-
pected, competition with unlabeled Sec RNA exhibited a dose-
dependent reduction of PTB binding whereas the nonspecific
B-globin RNA did not compete with binding of PTB to the
labeled Sec probe. Of note, while PTB cross-linking was not
decreased with the nonspecific competitor, we observed that
the intensity of other, presumably less efficiently and specifi-
cally cross-linked proteins, was progressively decreased. As
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demonstrated, the ISS1 RNA sequence specifically competed
PTB binding to Sec (Fig. 5C). When the nine consecutive
pyrimidines within the ISS1 sequence were changed to purines
(Fig. 5A) to yield the competitor sequence ISS1mt, competi-
tion for PTB binding was eliminated (Fig. 5C). Thus, these
cross-linking competition studies verify that PTB binds in vitro
to a region within the intronic splicing silencer that mediates
splicing repression in vivo. These data additionally verify that
the tract of polypyrimidines within ISS1 is indeed required for
binding of PTB to this region of the FGF-R2 pre-mRNA.

Mutations or replacement in the upstream PTB binding
region that abolish PTB binding result in a corresponding loss
of repressor function on IIIb splicing in vivo. The in vitro RNA
binding studies demonstrated that PTB was capable of binding
to the ISS1 region of the FGF-R2 pre-mRNA. To further
investigate whether PTB binding is involved in mediating the
observed exon IIIb repression, we tested the same sequence
changes which caused a loss of PTB binding in vitro for the
ability to disrupt exon IIIb repression in vivo. As shown in Fig.
5D, deletion, replacement, and mutation of ISS1 resulted in a
loss of exon IIIb splicing repression in vivo. It should be
pointed out that these constructs were all identical in size,
ruling out the possibility that the effect of the deletion of ISS1
increased IIIb inclusion simply through shortening of this in-
tron. Although ISS1mut did not enhance exon IIIb inclusion as
well as deletion or replacement of the entire ISS1 sequence
did, there was a clearly evident and reproducible decrease in
splicing repression. The quantifications are representative of
triplicate stable transfections. These data suggest that PTB
binding to the ISS1 element is involved in decreased splicing
efficiency of exon IIIb.

Overexpression of PTB in DT3 cells causes increased skip-
ping of exon ITIb. We anticipated that if exon IIIb inclusion in
DT3 cells is dependent on the ability of ISAR and a factor(s)
bound to it to overcome exon IIIb repression, which could be
due to PTB, overexpression of the repressor might overwhelm
the effect of ISAR. This would lead to decreased exon IIIb
inclusion. To test this hypothesis, we cotransfected DT3 cells
with increasing amounts of a plasmid expressing HisG-PTB1
and a constant amount of a minigene containing exon IIIb as
well as ISS and ISAR (pI-11-IIIb:+ISS+ISAR). As seen in
Fig. 6A, we were able to transiently overexpress HisG-PTBI.
The same blot was probed for the HisG tag, which detects
exogenous PTB, and for all PTB species by using a polyclonal
PTB antiserum. When PTB was coexpressed with pI-11-IIIb:
+ISS+ISAR, a decrease in the amount of ITIb inclusion prod-
uct was observed as well as an equivalent increase in the
amount of IIIb-skipped product (data not shown). Maximal
repression of IIIb inclusion products occurred with 500 ng of
HisG-PTB plasmid, and increasing the amounts of this expres-
sion plasmid above this level resulted in only modest increases
in IIIb repression. A dose-dependent reduction in exon IIIb
inclusion was observed from 125 to 500 ng of transfected DNA
(Fig. 6B). This demonstrates that moderate PTB overexpres-
sion can overwhelm the activation pathway of IIIb.

To address whether this effect of PTB involved an interac-
tion with ISS, we cotransfected 500 ng of HisG-PTB with
minigenes that either contained the ISS (pI-11-IIb:+ISS+
ISAR) or had the ISS deleted (pI-11-IIIb:—ISS+ISAR). To
compare the effects of PTB on the two different minigenes,
normalized values of IIIb inclusion and exclusion were calcu-
lated. There was nearly a 3.5-fold increase in the ability of PTB
to repress I1Ib inclusion when the ISS was present versus when
it was deleted (Fig. 6C). The fact that there was some degree
of repression of IIIb even though the ISS was deleted was not
completely unexpected (see Discussion).
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FIG. 5. ISS1 binds PTB and is required for repression of exon IIIb. (A) Diagram of the labeled RNAs used in these cross-linking studies. The pyrimidine stretch
within ISS1 is highlighted in bold, while the purine mutations within that stretch in ISSImt are underlined. The Globin sequence is an intronic sequence derived from
the human B-globin gene. (B) Direct UV cross-linking of the ISS1, ISS1mt, and Globin RNAs in both DT3 and AT3 nuclear extracts. The Sec RNA is used as a positive
control for PTB cross-linking. In all three cases, there are several bands common to all three RNAs; however, the PTB doublet cross-links specifically to the ISS1 and
Sec RNAs, and not to the ISS mutant or substitution. The molecular weight markers (in thousands) are indicated at the left, and the cross-linked PTB bands are
bracketed. (C) UV cross-linking and competition experiments demonstrated that PTB binding to the Sec RNA can be competed using self-competition or using a cold
ISS1 competitor. However, the nonspecific globin competitor and ISS1mt cannot compete PTB cross-linking to the Sec RNA. For each panel, DT3 extracts were
preincubated with the indicated molar fold excess of cold competitor RNA, after which the labeled Sec control probe was added prior to cross-linking. Molecular
weights (in thousands) are indicated at the left, and PTB bands are bracketed. (D) Deletion, mutation, or replacement of ISS1 which abolishes PTB binding also results
in the loss of exon IIIb splicing repression. These constructs were stably transfected in triplicate into DT3 cells, and the average percentage of exon IIIb inclusion is

indicated.

Given that we have previously reported a change in the PTB
isoform expression in DT3 and AT3 cells, we reasoned that
perhaps the difference in splicing patterns could be attributed
to the difference in the ability of the three PTB splice variants
to repress exon IIIb inclusion. When the different PTB iso-
forms were overexpressed, very similar levels of exon IIIb re-
pression were seen (Fig. 6D). This suggests that the isoforms
do not differ in their repressor activity. It does not rule out,
however, that the isoforms are differentially responsive to the
derepression brought about by ISAR. We are currently inves-
tigating this possibility.

As a control, an equivalent amount of HisG-LacZ was tran-
siently transfected into DT3 cells, resulting in a level of LacZ
protein overexpression similar to that of PTB (Fig. 6E). There
was no effect on IIIb inclusion at any level of LacZ overex-
pression (Fig. 6F). These experiments suggest that increasing
the levels of PTB can counteract the activation effects of ISAR

in DT3 cells and that this repression is dependent on the
intronic splicing silencer.

DISCUSSION

In the present study, we have identified an intronic element
upstream of exon IIIb in the FGF-R2 transcript which appears
to exert repression, or silencing, of splicing to exon IIIb in both
the DT3 and AT3 cell lines. While it is possible that cell-
specific differences in the level of repression mediated by this
sequence may contribute to splicing regulation, we were not
able to appreciate such differences. Previous work of our lab-
oratory as well as of others studying the human FGF-R2 gene
has characterized several elements that affect the splicing of
FGF-R2 exons IIIb and IIlc. An element within exon IIIb
consisting of a critical UAGG sequence has been shown to
inhibit the splicing of this exon and has thus been termed an
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FIG. 6. Overexpression of PTB in DT3 cells leads to a reduction in exon IIIb inclusion. (A) Transient transfection of a HisG-tagged CMV-driven full-length PTB1
expression plasmid results in high levels of PTB expression in DT3 cells. Western analysis was performed following transfection with empty vector or 0.5, 1.0, or 2.0
g of PTB. The gels were probed for nuclear protein CA150, as a loading control, HisG, or PTB as indicated. The formation of the PTB triplet seen at higher levels
of overexpression could represent a degradation product, an internal translation start site, or an effect on endogenous PTB alternative splicing. (B) Transient
transfection of progressively increasing amounts of HisG-PTB (in nanograms) results in progressively decreased amounts of IIIb inclusion. (C) Comparison of
PTB-mediated repression using 500 ng of HisG-PTB in the presence (+ISS) or absence (AISS) of ISS. The results are normalized to represent the percentage of ITIb
skipping relative to that in cells transfected with empty vector. (D) Quantified averaged experiment of a set of triplicate transient cotransfections of the three PTB splice
variants with a minigene that contains ISS. Exon IIIb inclusion has been normalized by making the vector-alone level of inclusion equal to 100 and then representing
all other values as a percentage of that amount. Averaged values of triplicate experiments are shown, and the standard deviation was less than 10% for all data points.
These splice variants were HA tagged and lacked the first 56 amino acids; however, full-length splice variants yielded identical curves (not shown). (E) Transfection
of the same expression plasmid expressing HisG-tagged LacZ reveals high levels of expression of an unrelated protein by immunoblotting. (F) Cotransfection of LacZ

does not alter the level of exon IIIb inclusion when cotransfected with pI-11-IIIb: +ISS+ISAR.

exonic splicing silencer (ESS) (19). Counteracting this silenc-
ing of exon IIIb splicing are several intronic elements down-
stream of exon IIIb that are required to activate the splicing of
exon IIIb in cells which include it (6, 13, 23). The role of one
of these elements, ISAR, has further been shown to include
repression of splicing to the downstream exon IIlc (6). In
addition, there is evidence that other elements which are as yet
not well defined are also required for regulation of FGF-R2
splicing (reference 6 and this study). The RNA element de-
scribed here consists of two sequences, ISS1 and ISS2, which
together exhibit potent splicing repressor activity. ISS1 con-
tains a binding site for PTB and was shown in UV cross-linking
and immunoprecipitation studies to bind PTB in both DT3 and
AT3 cells. Competition studies showed that the binding is
specific, since mutations which disrupt the polypyrimidine re-
gions of ISS1 did not effectively compete PTB binding to the
control RNA. We have furthermore shown that mutations that
abolish PTB binding to this element in vitro also cause dere-
pression of exon IIIb splicing in vivo. Thus, these results
strongly suggest that interaction of PTB with a portion of this

element is involved in the general repression of exon IIIb
splicing.

Recently, it has been shown that depletion of PTB from
HeLa nuclear extracts using either iterative oligonucleotide
adsorption or immunodepletion can effectively derepress the
splicing of the normally excluded SM exon of a-actinin in vitro
as well as the N1 exon of c-src, respectively (12, 53). This effect
was further shown to be reversed by the addition of recombi-
nant PTB or purified PTB, respectively. It has also been re-
cently reported that in three different neural-specific exons, a
splicing switch could be induced in HeLa nuclear extracts by
the addition of a cold RNA competitor containing cis elements
that bind PTB (65). Conversely, the activation pathway of
these exons in neural cell-derived extracts could be over-
whelmed by the addition of recombinant GST-PTB1. In addi-
tion, it was shown that PTB purified from HeLa cells was
capable of reversing a cold RNA competitor-induced derepres-
sion of the N1 exon in HeLa nuclear extracts (8). Collectively,
these in vitro results suggest that PTB may play a prominent
role in the regulation of a wide variety of alternatively spliced
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FIG. 7. Model in which a combination of positive and negative effects leads to regulation of FGF-R2 alternative splicing. We propose that AT3 cells splice IlIc
efficiently and skip exon ITIb as a result of the effect of ISS that is mediated in part by PTB. In DT3 cells, the same exon ITIb splicing silencing activity is present; however,
it is counteracted by exon IIIb splicing activation, which includes factors that interact with ISAR. In addition, factors that interact with ISAR contribute to the repression
of splicing of exon Illc. Shaded boxes indicate ISS1 and ISS2 elements. Involvement of PTB with ISS1 is shown. Silencing effects, which involve ISS2 as well as less
well characterized sequences downstream of exon IIIb are also proposed. The location and activity of ISAR and undefined protein(s) that bind to it are also shown.

pre-mRNAs by repressing splicing in certain regions of the
pre-mRNA transcript. Overexpression of PTB in vivo has been
shown to promote exon inclusion of exon 4 of the CT/CGRP
transcript, but these data are the first to demonstrate the re-
pression of exon inclusion in vivo (34). In our in vivo experi-
ments, repression was most robust when PTB was cotrans-
fected with a minigene that contained the ISS, although some
repression was still observed when this sequence was deleted.
Analysis of sequences in the intron downstream of exon IIIb
reveals a number of sequences, including seven UCUU motifs,
which may also represent PTB binding sites (1, 48, 52). When
we transfected a minigene that contained the entire ISS region
and ISAR but lacked the downstream putative PTB binding
sites into DT3 and AT3 cells, we noted that exon IIIb was
included in at least 90% of spliced RNAs (data not shown).
This high level of exon IIIb inclusion was seen both in the
presence and absence of the ISS, although deletion of the ISS
did result in a small increase in IIIb inclusion. These results
suggest the presence of a sequence downstream of exon IIIb
that can also act to silence splicing of exon IIIb. Based on these
preliminary results, we suspect that the effect of PTB to de-
crease the efficiency of exon IIIb splicing may also involve the
interaction of PTB at sequences in the downstream intron.
Based on the results of other investigators, the existence of
multiple PTB binding sites near an alternatively spliced exon is
not unprecedented (12). Such is the case in splicing of exon 3
of a-tropomyosin and exon N1 of c-src, in which PTB binding
to sequences both upstream and downstream of this alternative
exon results in splicing repression (25, 48). Splicing repression
by the Sxl protein in Drosophila has likewise been shown to
involve interactions on both sides of a repressed exon (29).
Further study is under way to characterize the elements down-
stream of exon IIIb, which are also likely to be involved in this
repression.

In addition to the portion of ISS that binds PTB, the down-
stream region within this silencer, ISS2, appears to play a
significant role in repressing splicing of exon IIIb. At present
we have not identified any specific proteins which interact
directly with this region. Analysis of the sequence would sug-

gest that PTB does not bind to this portion of the repressor,
and in fact the cross-linking competition studies have not dem-
onstrated direct PTB binding to this region. Other hnRNP
proteins are candidates for interacting with this region. Given
the G-rich nature of this sequence, hnRNP H, which exhibits a
preference for binding to G-rich RNA sequences, is one can-
didate. In fact, hnRNP H has previously been implicated in
splicing repression of exon 7 of B-tropomyosin (9).

The mechanism by which PTB may function to repress splic-
ing is at present poorly characterized. It has been suggested
that PTB may prevent the binding of U2AF to the polypyri-
midine tract of associated exons similar to the predicted mech-
anism that SxI uses to repress the male-specific exon of the
transformer pre-mRNA (52). However, this may be true only
in some cases. Among the observations that question this gen-
eral hypothesis are that the binding sites for SxI and PTB are
not always overlapping with the bp/py and have been shown to
sometimes reside hundreds of nucleotides away (8, 29, 48). In
the case of Sxl splicing autoregulation, the binding sites that
are within the bp/py are less important than those located in
the intron downstream of the male-specific exon (29). Further-
more, PTB binding downstream of N1 affects its ability to bind
upstream, suggesting that PTB cooperativity plays a role in
repression (12). There are no proteins that interact with PTB
that have also been demonstrated to be functionally relevant
for its role in alternative splicing. However, several proteins,
including the FUSE-binding protein and the Sam68 tyrosine
phosphoprotein, have been shown to exist in a complex with
PTB assembled on a PTB binding sequence upstream of the
repressed exon 7 of B-tropomyosin (26). Furthermore, like Sxl,
PTB has been shown to interact with itself and to exist as a
dimer in solution, raising the possibility that the dimerization
of these proteins is a necessary event for interaction with other
potential proteins and their repression of exon inclusion (49,
58). This is a logical possibility, given the existence of PTB or
Sx1 binding sites clustered on either side of certain regulated
exons.

As a group, hnRNP proteins are known to rapidly associate
with hnRNAs cotranscriptionally, and, in addition to packag-
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ing of RNA transcripts, these proteins may be involved in
regulating which regions of the pre-mRNA are accessible to
splicing factors and the spliceosome (38). However, formal
evidence for such regulation by hnRNPs, as well as an under-
standing of the degree to which sequence-specific binding of
RNAs by these proteins (other than PTB/hnRNP I) plays a
role in maintaining splicing fidelity, is currently lacking. Cer-
tainly, these proteins could play a role not only in repressing
splicing but also in activating splicing. hnRNP F and hnRNP H
are required factors of an intronic splicing enhancer binding
complex (11, 43, 44). In addition, the ability of hnRNPA1 to
promote the use of a proximal 5’ splice site could be due to
direct activation of a specific splicing pathway (4).

Study of mechanisms of alternative splicing in mammals has
been hampered by the observation that, in examples studied to
date, an increasing number of cis elements regulate the splicing
of a given gene transcript. In many cases, positive and negative
regulatory elements have been identified in the same gene
transcript. Dissection of these elements and the factors that
interact with them has not yet provided a definitive mechanism
through which tissue-specific splicing is achieved. While sev-
eral trans-acting factors have been identified that are necessary
for splicing regulation, thus far no cell-type-specific factors
have been identified which account for the observed differ-
ences in splicing of a given transcript. When more than one
regulatory element is involved, the splicing pattern seen in a
given study appears to represent an additive effect of the dif-
ferent elements. While some of these elements appear to exert
their effects on splicing in a cell-specific manner, other ele-
ments have been observed that have non-cell-specific effects on
splicing that appear to set a balance for cell-specific factors to
shift. While a combinatorial model of splicing regulation might
account for tissue specificity based on differences in the levels
or activity of generally expressed factors interacting with sev-
eral positive and negative elements, the existence of purely
cell-specific factors which regulate alternative splicing is still a
possibility.

In our previous study, we identified an element termed
ISAR, which appears to function in a cell-specific manner in
DT3 cells to activate the splicing of exon IIIb and repress the
splicing of exon Illc. We previously proposed that exon Illc
splicing may represent a “default” splicing pathway and that
exon IIIb splicing was inefficient due to a weak polypyrimidine
tract and possibly an exonic splicing silencer. Therefore, it was
proposed that activation of IIIb splicing in DT3 cells probably
depended on activation of splicing by intronic enhancer se-
quences downstream of exon IIIb. The present study, however,
implies that this model is an oversimplification. While the
strength of the exon IIIb polypyrimidine tract may be involved,
there are clearly other cis elements that can independently
repress the splicing of this exon. We suggest a model in which
the regulated splicing of exons IIIb and IIIc in DT3 and AT3
cells represents a balance between positive and negative reg-
ulators of splicing (Fig. 7). Elucidation of the mechanism by
which several regulatory cis elements are differentially recog-
nized and processed during pre-mRNA splicing will require
further characterization of the protein factors that interact
with them.
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